Background Acute leukemia with 11q23 aberrations is associated with a poor outcome with therapy. The lack of efficacy of conventional therapy has stimulated interest in developing novel strategies. Recent studies have shown that 11q23-positive acute leukemia cells express the high molecular weight-melanoma associated antigen (HMW-MAA). This tumor antigen represents a useful target to control growth of human melanoma tumors in patients and in severe combined immunodeficient (SCID) mice, utilizing antibody-based immunotherapy. This effect appears to be mediated by inhibition of the HMW-MAA function such as triggering of the focal adhesion kinase/proline-rich tyrosine kinase 2 (Pyk2) pathways. Therefore, in this study we tested whether HMW-MAA-specific monoclonal antibodies (mAb) could inhibit growth of 11q23-positive leukemia cells in SCID mice. Methods HMW-MAA-specific mAb were tested for their ability to inhibit the in vitro proliferation of an 11q23-positive acute myeloid leukemia (AML) cell line and blasts from four patients with 11q23 aberrations and their in vivo growth in subcutaneous and disseminated xenograft models. Results The HMW-MAA-specific mAb did not affect in vitro proliferation although they down-regulated phosphorylated (P) Pyk2 expression. Furthermore, the mAb enhanced the in vitro anti-proliferative effect of cytarabine. In vivo the mAb inhibited the growth of leukemic cells in a dose-dependent fashion. However, the difference did not reach statistical significance. No effect was detected on PPyk2 expression. Furthermore, HMW-MAA-specific mAb in combination with cytarabine did not improve tumor inhibition. Lastly, the combination of two mAb which recognize distinct HMW-MAA determinants had no detectable effect on survival in a disseminated xenograft model. Conclusions HMW-MAA-specific mAb down-regulated P-Pyk2 expression and enhanced the anti-proliferative effect of cytarabine in vitro, but had no detectable effect on survival or growth of leukemia cells in vivo. Whether the HMW-MAA-specific mAb can be used as carriers of toxins or chemotherapeutic agents against 11q23-acute leukemia remains to be determined.
Introduction
Acute leukemia with 11q23 aberrations is associated with a poor outcome to chemotherapy-containing regimens in children [1] and adults [2] . Therefore, other treatment modalities, such as immunotherapy, are sought. The successful application of antibody-based immunotherapy in hematologic malignancies [3] with or without the addition of chemotherapy has prompted us to test this strategy in 11q23-positive acute leukemia. Since no leukemia-specific antigen has been identified in 11q23-positive acute leukemia, we developed an antibody-based immunotherapeutic strategy, taking advantage of the expression of the high molecular weight-melanoma associated antigen [(HMW-MAA), the human homolog of the rat NG2, also known, among others, as chondroitin sulfate proteoglycan, melanoma chondroitin sulfate proteoglycan] on the surface of leukemic blasts [4] [5] [6] [7] [8] [9] [10] . The HMW-MAA is a membrane bound proteoglycan that has been targeted in the treatment of malignant melanoma [11] [12] [13] . Specifically, induction of HMW-MAAspecific antibodies by HMW-MAA mimics was associated with regression of metastases in a few patients [12] and with survival prolongation [11] . This effect was likely induced by the HMW-MAA-specific antibodies, since administration of HMW-MAA-specific monoclonal antibodies (mAb) inhibits the growth of human melanoma tumors implanted in severe combined immunodeficient (SCID) mice [14] . The antitumor effects of HMW-MAA-specific mAb are likely to reflect inhibition of the HMW-MAA function in melanoma cell biology, as mediated by the down-regulation of the focal adhesion kinase (FAK) signaling pathway [15] .
We thus tested the in vitro and in vivo effects of HMW-MAA-specific mAb on survival and proliferation of 11q23-positive acute leukemia cells.
Materials and methods

Cells and culture conditions
The acute myeloid leukemia (AML) cell line expressing 11q23, ML-2, [purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany)] and the melanoma cell line expressing HMW-MAA, Colo 38, were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (100 units/ml) and streptomycin (100 lg/ml) (all from Life Technology, Grand Island, NY). Where indicated, cells were cultured for 72 h at 37°C with tunicamycin (Sigma, St. Louis, MO), at concentrations of 0.25, 0.5 and 1 lg/ml. Higher concentrations were toxic to the ML-2 cells. Tunicamycin was dissolved in dimethyl sulfoxide (5 mg/ml) and diluted with RPMI-1640 medium. Cryopreserved bone marrow samples with more than 80% blasts from four newly diagnosed 11q23-positive acute leukemia [two AML and two acute lymphoblastic leukemia (ALL)] patients were thawed and used immediately for the described experiments.
Lymphocytes, monocytes and granulocytes were isolated from peripheral blood from three normal volunteers. To isolate monocytes, peripheral blood mononuclear cells (PBMC), obtained by density centrifugation, were aspirated and resuspended at 2 9 10 6 cells/ml of RPMI-1640 medium containing 2% fetal bovine serum and incubated in Petri dishes for 2 h at 37°C. The non-adherent cells were saved to represent lymphocytes and the adherent cells were collected and saved as monocytes. To obtain granulocytes, the cell pellet, following density centrifugation, was collected. Red blood cells were lysed with 1.22% ammonium oxalate, allowing isolation of granulocytes. Serum was collected from normal volunteers and stored at -70°C. Additional controls included CD34 + cells separated by the MACS progenitor cell isolation kit (Milteni Biotec, Auburn, CA) from peripheral stem cell collections from three breast cancer patients without bone marrow involvement as described previously [16] .
All of the described studies of patient and normal volunteer samples, as well as the in vivo experiments, including use of primary patient samples in mice, were approved by the Roswell Park Cancer Institute Scientific Review Committee, Institutional Review Board and the Institutional Animal Care and Use Committee.
Antibodies
The HMW-MAA-specific mouse mAb 225.28, 653.25, 763.74, TP61.5 and VT68.2, the control anti-idiotypic mAb MF11-30, MK2-23, and T8-203, elicited with mAb 225.28, 763.74 and CR11-351, respectively, the mAb TP25.99 which recognizes a conformational determinant expressed on all b 2 m associated HLA-A, B and C heavy chains and a linear determinant expressed on all b 2 m-free HLA-B heavy chains except HLA-B73, and on b 2 m free HLA-A1, -A3, -A9, -A11 and -A30 heavy chains, and the HLA-A, B, C, E, F, G-specific mAb W6/32 were developed and characterized as described [17] [18] [19] [20] [21] [22] . Phosphorylated (P) extracellular signal regulated kinase (ERK) 1/2-specific, FAK-specific, proline-rich tyrosine kinase 2 (Pyk-2)-specific, and Rous sarcoma virus (Src)-specific rabbit polyclonal antibodies were purchased from Cell Signaling Technology, Inc., Danvers, MA. Nonphosphorylated B cell lymphoma (BCL) 2-associated X protein (Bax)-specific mAb and Bcl-2-specific mAb were purchased from Santa Cruz Biotechnology, Santa Cruz, CA. ERK1/2-specific and FAK-specific rabbit polyclonal antibodies were purchased from Cell Signaling, Pyk2-specific, signal transducer and activator of transcription 3 (STAT3)-specific and Src-specific rabbit polyclonal antibodies were purchased from Upstate Biotechnology, Lake Placid, NY. The CD45-specific mouse phycoerythrin (PE)-conjugated mAb, the human CD45-specific fluorescein isothiocyanate (FITC)-conjugated mAb, the HLA-DR-specific FITC-conjugated mAb and the human CD33-specific FITC-conjugated mAb were purchased from BD Pharmingen, San Diego, CA. The human CD19-specific PE-conjugated mAb and FITC-conjugated mAb, and the PE-conjugated goat anti-mouse immunoglobulin (IgG) antibodies were purchased from Caltag, Burlingame, CA. mAb were biotinylated using NHS-LC-biotin (Pierce, Rockford, IL) according to the manufacturer's instructions. F(ab 0 ) 2 fragments were generated from mouse mAb by digestion with pepsin as described [18] .
Flow cytometric analysis
Cell surface staining with mAb was performed as described [23] . Briefly, cells were incubated for 15 min on ice with an excess of antibody or an isotype control. Following the addition of the secondary antibody (if needed), cells were incubated with a mouse IgG solution (1 mg/ml) for 10 min on ice to saturate all unbound anti-IgG Fab sites. Cells were then fixed in 300 ll 2% ultrapure formaldehyde (Polyscience Inc., Warington, PA). Apoptosis was analyzed using a BD Pharmingen kit according to the manufacturer's instructions. Annexin was added first and propidium iodide was added 30 min later. Data were evaluated on a FACS Calibur instrument (BD Bioscience, San Jose, CA) using WinList 6.0 software.
Western blot
Proteins were detected by Western blot analysis as previously described [24] . In brief, whole-cell extracts were separated on 8% polyacrylamide sodium dodecyl sulfate gels and proteins were transferred to nitrocellulose membranes. Membranes were incubated with the primary antibody and then with horseradish peroxidase-labeled anti-mouse or anti-rabbit Ig xenogeneric secondary Ab (Amersham Pharmacia, Piscataway, NJ). To detect the expression of the HMW-MAA in ML-2 cells, cell lysates were incubated at 4°C overnight with HMW-MAA-specific mAb 225.28, then protein A agarose (Upstate Biotechnology) was added and incubation was continued for an additional 2 h at 4°C [24] . After electrophoresis and transfer to nitrocellulose membranes, immunoblotting was performed using HMW-MAA-specific mAb 653.25. Immune complexes were detected using a chemiluminescent detection method (Amersham Pharmacia).
Reverse transcription-polymerase chain reaction (RT-PCR)
The presence of HMW-MAA mRNA was determined by RT-PCR using primers extending from position 2,845 to 
Interaction assays
All assays were conducted at least in triplicates. The Hill function was fitted to each concentration-response curve for HMW-MAA-specific mAb VT68.2 or 225.28 (at 50 lg/ ml) and cytarabine (100 nM-5 lM) [26, 27] . Pharmacodynamic antibody-drug interactions on cell survival (w) were evaluated with the following non-competitive equation relating concentrations of both agents to the overall effect [28] . 
E 0 is the effect baseline when no drug was present, I max was the fraction of the baseline representing the maximum inhibition possible for cytarabine at high concentrations. The value of IC 50 was the concentration of cytarabine when given alone to produce 50% of the maximal inhibition. The EC 50, HMW Abs value represented the concentration of HMW-MAA-specific mAb that elicited half the maximal change in the IC 50 value for cytarabine. The value of w simply governed the direction the change in inhibition was in. Equation 1 was proposed by Ariens [29] for an agent that acts non-competitively to alter a drug's potency. The HMW-MAA-specific mAb did not change the maximal effect and did not inhibit cell proliferation. This was reflected in the first equation. The only factor in Eq. 1a that contained an influence from the HMW-MAA-specific mAb is F AB . Here F AB acted as a proportionality constant to change the IC 50 of cytarabine. The interaction became synergistic and antagonistic when F AB was less than or greater than one, respectively. This could also be reflected in the value of w. The interaction taking place was synergistic and antagonistic, when w was \1 and when w [1, respectively.
Nonlinear regression fitting was performed using the maximum likelihood module in the ADAPT II software [30] .
In vivo leukemia models
ML-2 leukemia xenografts
Eight-week-old female SCID/SCID mice (bred at Roswell Park Cancer Institute, Buffalo, NY) were sublethally irradiated with 200 cGy and inoculated with 1 9 10 7 ML-2 cells subcutaneously (SQ), as described previously, according to an institute-approved animal protocol [31] . When tumor volumes approached 50-100 mm 3 (approximately 7-14 days after inoculation), mice were divided into experimental groups of 5-10 mice per group. One group was treated by intraperitoneal (IP) injection of increasing amounts of mAb 225.28 or of the isotype matched control mAb T8-203, twice a week, or of cytarabine at varying concentrations five times per week to determine the maximally tolerated dose (MTD). Following MTD determination, combination regimens of antibodies and chemotherapy used the same dosing regimens and intervals. Mice were routinely assessed for weight loss, anorexia, and other clinical signs. The two largest perpendicular axes of each tumor xenograft (l indicates length; w, width) were measured 2-3 times weekly with calipers, and tumor volume (TV) was calculated using the formula: TV (mm 3 ) = 4/3pr 3 , where r = (l + w)/4. Animals were sacrificed when they became moribund from progressive tumor-related signs or when the one-dimensional tumor diameter exceeded 2.0 cm (according to the guidelines of the animal core facility). Mice underwent retro-orbital bleeds during and at completion of treatment for collection of plasma for ELISA analysis. At the end of the experiment, tumors were removed and processed for Western blot analysis and flow cytometry as mentioned above. Results of mAb and chemotherapy treatments are shown as mean tumor volume (mTV) ± standard error (SE) at each time point for each treatment group.
Primary 11q23 leukemia models
Eight-week-old female non-obese diabetic (NOD) SCID mice (Jackson Laboratories, Bar Harbor, ME) were sublethally irradiated with 300 cGy followed by injection of 1 9 10 7 primary 11q23 positive acute leukemia patient cells into the tail vein, as described previously [32] , according to an institute-approved animal protocol. Immediately following inoculation, mice were randomly assigned to one of two groups and treated IP with 0.2 mg of either mAb T8-203 and MF11-30 control antibodies or mAb 225.28 and 763.74. For the first 2 weeks following the injection of primary leukemia cells, mice were treated twice a week. After that initial loading period, treatment was administered once a week for an additional 2 weeks. Mice underwent retro-orbital bleeds during and at completion of treatment for FISH assays to confirm engraftment (see below). Mice were monitored three times per week for signs of clinical deterioration including weight loss [20%, and hind-limb paralysis. At time of moribundity, mice were sacrificed with collection of peripheral blood, bone marrow and spleen samples for additional correlative FISH and flow cytometric studies (see other methods).
Double determinant immunoassay to measure level of mAb 225.28 in mouse serum
Ninety-six-well, flexible, U-bottom Costar 2797 microtiter plates (Costar, Cambridge, MA) were coated with F(ab 0 ) 2 fragments of the anti-idiotypic mAb MF11-30 (1 lg/well) in 100 mM NaHCO 3, pH 9.6. Following an overnight incubation at 4°C, plates were blocked with 2% bovine serum albumin-phosphate buffered saline (PBS) for 2 h at room temperature and incubated with 100 ll of fivefold serially diluted mouse sera (1:100-1:7,812,500) for an additional 2 h at room temperature. Wells were washed five times with 0.05% Tween-20/PBS and three times with PBS between incubations. Binding of antibody was detected with horseradish peroxidase-conjugated goat antimouse IgG (Fc-specific) antibodies. Results were expressed as optical density-absorbance at 450 nm using 3-3 0 ,5,5 0 -tetramethylbenzidine (TMB) peroxidase as substrate (KPL, Gaithersburg, MD) on an ELISA plate reader (Finstruments RS-232c, Helsinki, Finland). Plates coated with F(ab 0 ) 2 fragments of HMW-MAA-specific mAb TP61.5 were used as controls.
Fluorescence in situ hybridization (FISH)
A total of 1 9 10 4 cells were cytospun onto glass slides and fixed in methanol. Fixed cells were hybridized with commercially available dual-color break apart MLL (mixed leukemia-lymphoma) DNA probe (Vysis/Abbott Molecualr Inc., Des Plaines, IL). Images were captured using the image analysis software (CytoVision Imaging System, Applied Imaging Corp., San Jose, CA). Signals were visualized with a Nikon Eclipse 90i epifluorescence microscope (Nikon Inc.) with appropriate filters, as previously described by us [33] .
Immunohistochemistry
Frozen tumor sections were cut on a cryostat and stored on slides at -80°C until processing. Upon processing, slides were warmed up to room temperature and fixed in cold (-20°C) acetone for 10 min. Endogenous peroxidase was quenched with aqueous 1% H 2 O 2 in methanol for 10 min. Biotin detection was accomplished using the ABC reagent (HRP complex; Vector Labs, Burlingame, CA) for 30 min. The chromagen DAB (DAKO, Carpenteria, CA) was then applied and incubation was continued for 5 min (color reaction product, brown). Slides were counterstained with Hematoxylin (Sigma), dehydrated, cleared and coverslipped.
Antibody-dependent-cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) assays
The ADCC and CDC assays were performed as described [34, 35] with minor modifications. Briefly, ML-2 target cells were labeled for 1 h at 37°C with Na 2 [
51 Cr]O 4 , plated in 96-well plates (Costar; Bio-Rad Laboratories, Inc., Hercules, CA) at 1 9 10 4 cells/well, and incubated for 30 min at room temperature with HMW-MAA-specific mAb 225.28 (3 lg/ml) or isotypic matched control HLA class I antigen-specific mAb W6/32 (3 lg/ml). Cells were then washed with serum-free RPMI-1640 medium and incubated for 4 h at 37°C with human PBMC for ADCC or human serum for CDC. Supernatants were harvested, and the radioactivity was counted in a gamma counter (Packard Cobra II Auto Model 5002; PerkinElmer). Both assays were performed in triplicates, and the percentage of specific cytotoxicity was calculated using the formula: percentage of cytotoxicity = (experimental cpm -spontaneous cpm)/ (maximum cpm -spontaneous cpm) 9 100. The spontaneous 51 Cr release was \25% of maximum 51 Cr release.
Statistical analyses
Unpaired Student's t test was used to compare different groups of mice. The difference in the mean channel fluorescence of signal to background was used to determine the means and ranges for each of the markers investigated. P values \0.05 were considered statistically significant. Enhancement by HMW-MAA-specific mAb of the in vitro anti-proliferative effect of cytarabine
Results
Differential
The anti-proliferative effect of the mAb VT68.2 and 225.28 was studied using ML-2 cells. Both mAb had no detectable effect on the growth of ML-2 cells. Furthermore, incubation of ML-2 cells for 48 h at 37°C with mAb VT68.2 (50 lg/ml) and cytarabine (100 nM-5 lM) had no effect when compared to cytarabine alone. However, incubation of these cells for 48 h at 37°C with mAb 225.28 (50 lg/ml) and cytarabine (100 nM-5 lM) reduced the IC 50 as compared to cytarabine alone (Fig. 2) . The interaction parameter (w) was 0.7875.
P-Pyk2 down-regulation by HMW-MAA-specific mAb
To determine whether signaling pathways were affected in leukemic cells by treatment with HMW-MAA-specific mAb, we analyzed by Western blots the expression and phosphorylation level of both FAK and Pyk2. While FAK was not detected in ML-2 cells, P-Pyk2 was constitutively expressed in untreated ML-2 cells and mAb 225.28 reduced its phosphorylation (Fig. 3a) at 48 h. This effect is time dependent since no change was detected in the level of P-Pyk2 in cells incubated for 1 or 24 h (data not shown). P-Pyk2 down-regulation was not associated with downregulation of other signaling pathways such as P-ERK and P-Src (Fig. 3b) . Furthermore, reduction of P-Pyk2 was associated with neither upregulation of Bax nor downregulation of Bcl-2 (Fig. 3c) . Lastly, incubation with-HMW-MAA-specific mAb for up to 48 h did not increase the percentage of apoptotic/necrotic cells as determined by annexin and propidium iodide staining (data not shown), suggesting lack of effect on the apoptotic pathway.
Lack of side effects and favorable pharmacokinetics in mice treated with HMW-MAA-specific mAb
To assess the in vivo relevance of the in vitro data, the mAb 225.28 and VT68.2, which recognize distinct In order to determine the optimal time intervals for administration of HMW-MAA-specific mAb to mice, we first examined the levels of mAb 225.28 in the sera of SCID mice following a single injection of increasing doses of mAb 225.28 [14] . High mAb levels were present in sera up to 4 days after injection (Fig. 4a ). Mice were therefore treated with mAb twice a week.
Next, to determine the optimal tolerated and therapeutic dose of mAb 225.28 in vivo, mice bearing ML-2 xenografts were treated with 0.2, 0.5, and 1.0 mg/kg of mAb. Our results (data not shown) demonstrate a trend towards tumor inhibition with the high (1 mg) but not with the low (0.2 and 0.5 mg) mAb doses. No toxicity due to the mAb therapy was observed in 225.28 mAb versus PBS or T8-203 mAb treated mice (data not shown). Explanted cells from tumor-bearing mice did not show any change in PPyk2 expression following in vivo exposure to 225.28 mAb (data not shown).
The penetration of the mAb into the subcutaneous tumors was studied by immunohistochemical staining of tumors explanted from mice at the end of the treatment. As shown in Fig. 4b, 225 .28 mAb expression was barely detectable following two injections, but was clearly detected following five injections. There was no significant staining in tumors explanted from mice treated with the isotype control mAb T8-203.
We then tested whether in vivo HMW-MAA expression by ML-2 leukemic cells was affected by the administration of mAb 225.28. To this end, cells were explanted from mice at the end of the treatment and tested with biotinylated mAb 225.28. As shown in Fig. 4c , no changes were detected in the expression of the determinant recognized by mAb 225.28.
We subsequently examined whether HMW-MAA-specific mAb could enhance the anti-leukemic effects of cytarabine chemotherapy in leukemia-bearing mice. Pilot experiments showed that 10-400 mg/kg per day for five days/week were the optimal dose and schedule of cytarabine in ML-2 engrafted SCID mice. We found no statistical difference in tumor inhibition following cytarabine 10 and 100 mg/kg per day with increased morbidity at higher cytarabine doses (data not shown). In contrast to our in vitro data, administration of mAb 225.28 in combination with cytarabine (10 or 100 mg/kg per day for five days/ week) enhanced neither the significant anti-proliferative effects (Fig. 4d) nor the systemic toxicities (Fig. 4e ) of chemotherapy alone in leukemia-bearing mice.
Because we were unable to find a cell line that expressed the determinant recognized by HMW-MAA-specific mAb 763.74, we developed primary leukemia xenografts in NOD/SCID mice utilizing 11q23 leukemia patient samples which express this determinant. Engraftment of human leukemia cells in peripheral blood, bone marrow, and spleens was shown by flow cytometry (Fig. 5a ) and FISH (Fig. 5b) . Engraftment took approximately 80 days.
We then tested whether the combination of the HMW-MAA mAb 225.28 and 763.74, which recognize distinct determinants of HMW-MAA, would display greater antileukemia effects than one mAb alone in primary leukemia xenograft models established with 11q23 leukemia patient samples, expressing both determinants. Treatment with the two HMW-MAA-specific mAb did not result in prolongation of survival as compared to either antibody alone, or any of the control antibodies (Fig. 5c) . Some of the HMW-MAA mAb treated mice experienced weight loss requiring therapy. Four of those mice were sacrificed (hence the drop in the survival curve) and were found to have developed hematomas/localized skin reactions at the injection sites.
Lack of susceptibility of leukemia cells to complement and cell-dependent lysis mediated by HMW-MAAspecific mAb To determine whether mAb 225.28 induces immune lysis of HMW-MAA bearing leukemic cells, we tested the susceptibility of ML-2 cells to complement-and celldependent lysis mediated by mAb 225.28. No lysis was detected in the two assays (Fig. 6) . In contrast, the HLA class I-specific mAb W6/32 efficiently mediated ADCC and CDC.
Discussion
Our results have demonstrated that HMW-MAA-specific mAb, have no anti-proliferative effect on HMW-MAA bearing leukemic cells, but are effective in down-regulating P-Pyk2 and enhanced the anti-proliferative activity of cytarabine in vitro. The mAb are well tolerated and have favorable pharmacokinetics in vivo, suggesting that future studies of targeted HMW-MAA immunotherapy with radiolabeled or toxin-conjugated mAb for 11q23-positive leukemia are warranted. Not all the HMW-MAA determinants tested were detected on the primary 11q23 acute leukemia samples analyzed. The results of our analysis of the HMW-MAA mRNA by RT-PCR and of our SDS-PAGE analysis of the antigen immunoprecipitated from leukemic samples argue against the possibility that our findings are caused by large deletions at the mRNA level and/or by protein truncation. On the other hand, we cannot exclude that the lack of reactivity of some of the HMW-MAA-specific mAb with leukemic samples is caused by loss of the corresponding determinant(s) because of point mutations or by inaccessibility of the corresponding determinant(s) because of differential glycosylation of the protein moiety of the HMW-MAA [36] .
Differential glycosylation of proteins has been demonstrated not only for HMW-MAA but also for other tumor antigens, e.g., the mucin-1 antigen [37] . Over-glycosylation prevents the immune system from accessing the peptide core and hides epitopes, which are usually exposed in under-glycosylated cells. Whatever the mechanism(s), it is noteworthy that the differential expression of HMW-MAA antigenic determinants is not unique to leukemic cells, since it has been previously shown in melanoma cells [38] .
When designing immunotherapy, one has to be sure that the treatment will target the malignant clone and will spare normal hematopoietic cells. Our results showing no expression of HMW-MAA on normal hematopoietic cells are in concordance with the literature using another HMW-MAA-specific mAb [5] and suggest that HMW-MAA is a useful target to apply immunotherapy for the treatment of 11q23-positive acute leukemia. Further, the expression of HMW-MAA on the surface of pericytes, the mesenchymal cells associated with the walls of small blood vessels [39] , and the recent increased interest of targeting angiogenesis in acute leukemia [40, 41] , suggest an additional role for HMW-MAA-specific mAb immunotherapy in this disease.
Our in vitro results demonstrating synergism between HMW-MAA-specific mAb and cytarabine were expected, in view of the synergism between mAb and chemotherapy agents [42] . However, such a synergy has not been shown before for HMW-MAA-specific mAb. We selected cytarabine as the chemotherapeutic agent because it is the mainstay of both AML and ALL therapies and since it is not exported by multi-drug resistance mechanisms. We examined the combined effects of HMW-MAA-specific mAb with cytarabine on cell killing using the Ariens noncompetitive functional interaction model with an interaction parameter (w). Interaction parameters may be useful in various mechanism-based models to account for the synergism or antagonism not predicted by the mechanistic expectations of the modeling scheme. The estimated value of this parameter indicates the intensity of the drug-drug interaction when compared to the no-interaction value (i.e., the value that does not influence the underlying mechanistic model, based on single drug effect alone). This interaction model is not limited to the level of mass-balance drug-receptor binding equations, but assumes that each drug contributes to the interaction after binding to their respective targets. Effect is assumed to be a function of bound drug-target and the Hill equation relates single drug concentrations to effect.
Our in vitro results demonstrated a non-immunological mechanism of action for HMW-MAA-specific mAb in our leukemia model, as was previously demonstrated for their action in melanoma [43] . A similar non-immunological mechanism was demonstrated for integrins that can mediate signaling from the extracellular space into the cell through adaptor molecules such as FAK [44] . Interestingly, HMW-MAA has been demonstrated to bind a4b1 integrin in melanoma cells and has been suggested to amplify integrin-mediated signal transduction [45] . Though FAK was known to be expressed in all cell types, its homologue, Pyk2, was shown to be expressed at higher levels in hematopoietic cells [46] . Both were constitutively The in vivo studies presented here demonstrate that HMW-MAA-specific mAb alone had minimal anti-leukemia effect, but no anti-Pyk2 effect, at high doses in mice with rapidly growing leukemia disease. We then asked whether the HMW-MAA-specific mAb can be added to cytarabine without worsening the toxicities associated with the cytotoxic agent. Cytarabine alone generated the expected anti-leukemia effect in vivo. The addition of HMW-MAA-specific mAb to cytarabine resulted in no additional toxicity but no significant anti-leukemia effect, beyond that of cytarabine, was detected. Finally, combining two HMW-MAA-specific mAb did not result in any significant anti-leukemia activity. Failure of antibodybased immunotherapy is unfortunately common in the setting of active leukemia. For example, the addition of lintuzumab, the naive anti-CD33 mAb, to salvage induction chemotherapy failed to improve the response rate of the chemotherapy regimen alone [47] . Conjugating anti-CD33 mAb with chemotherapy (calicheamicin) resulted in significant benefit that was augmented by the addition of cytarabine [48] . Interestingly, using the CD33-specific mAb in patients with minimal residual acute promyelocytic leukemia resulted in conversion to RT-PCR negative state [49] highlighting a possible role for the mAb-based immunotherapy.
One mechanism by which tumor cells can escape immune recognition and destruction is represented by the down-regulation or loss of the targeted tumor antigens, especially following immunotherapy [reviewed in 50]. We therefore asked whether the expression of the HMA-MAA determinants recognized by the mAb used was lost in mice treated with HMW-MAA-specific mAb. Our results demonstrate persistence of the HMW-MAA determinants on explanted cells, suggesting that the expression of HMW-MAA was not subject to immuno-editing. These results support further development of HMW-MAA-specific mAb to deliver radioisotopes or toxins to 11q23-positive acute leukemia cells, known to be resistant to conventional chemotherapeutic agents. 
